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Abstract 

Vanadium  dioxide  (VO2)  is  known  to  have  a  semiconductor-to-metal  phase  transition  at  ~68°C. 
Therefore,  it  can  be  used  as  a  tunable  component  of  an  active  metamaterial.  The  lamellar 
metamaterial  studied  in  this  work  is  composed  of  subwavelength  VO2  and  Au  layers  and 
designed  to  undergo  the  temperature  controlled  transition  from  the  optical  hyperbolic  phase  to 
the  metallic  phase.  The  VO2  films  and  VO2/AU  lamellar  metamaterial  stacks  have  been  fabricated 
and  studied  in  the  electrical  conductivity  and  optical  (transmission  and  reflection)  experiments. 
The  observed  temperature  dependentchanges  in  the  reflection  and  the  transmission  spectra  of  the 
metamaterials  and  VO2  thin  films  are  in  a  good  qualitative  agreement  with  the  theoretical 
predictions.  The  demonstrated  optical  hyperbolic-to-metallic  phase  transition  is  a  novel  physical 
phenomenon  having  a  potential  of  advancing  the  control  of  light-matter  interaction. 


Metamaterials  are  engineered  composite  materials  containing  sub-wavelength  inclusions  with 
rationally  designed  shapes,  sizes,  mutual  arrangements  and  orientations1'4.  They  enable 
unmatched  control  of  light  wave  propagation,  feature  scores  of  unique  properties,  including 
negative  index  of  refraction5'7,  and  lead  to  unparalleled  applications  ranging  from  sub¬ 
wavelength  imaging  and  focusing8, 9  to  optical  cloaking10  and  future  nanocircuitry  operating  at 
optical  frequencies11.  Recently,  a  special  class  of  metamaterials  known  as  hyperbolic 
metamaterials  has  attracted  much  attention12"15.  In  these  materials,  the  dielectric  permittivity 
components  in  orthogonal  directions  have  opposite  signs.  Consequently,  the  iso-frequency 
dispersion  surfaces  (for  extraordinary  waves)  form  hyperboloids  rather  than  ellipsoids15  -  the 
phenomenon  known  as  hyperbolic  dispersion.  Hyperbolic  metamaterials  can  propagate  light 
waves  with  very  large  wave  vectors  and  have  a  broadband  singularity  of  the  photonic  density  of 
states16.  The  latter  property  makes  these  materials  highly  efficient  absorbers17  and  allows  them  to 
control  the  rate,  the  spectra,  and  the  directionality  of  spontaneous  emission  ’  '  . 

One  of  the  most  common  designs  of  hyperbolic  metamaterials  is  based  on  lamellar  stacks  of 
metallic  and  dielectric  layers.  The  optical  properties  of  such  metamaterials  can  be  tuned 
passively  by  selecting  constituent  material  components  with  optimized  dielectric  permittivities  or 
changing  the  metal  filling  factor  during  fabrication.  At  the  same  time,  many  applications  require 
active  metamaterials,  whose  properties  can  be  tuned  by  external  stimuli.  In  this  work,  we 
develop  a  tunable  metamaterial  that  can  undergo  temperature  induced  reversible  transitions 
between  hyperbolic  and  metallic  optical  phases. 

*The  Lincoln  Laboratory  portion  of  this  work  was  sponsored  by  the  Assistant  Secretary  of  Defense  for  Research  & 
Engineering  under  Air  Force  Contract  No.  FA8721-05-C-0002.  Opinions,  interpretations,  conclusions,  and 
recommendations  are  those  of  the  authors  and  are  not  necessarily  endorsed  by  the  United  States  Government. 


Some  transition  metal  oxides  are  known  to  have  the  semiconductor-to-metal  phase 
transition22.  Particularly,  vanadium  dioxide  (VO2)  undergoes  the  phase  transition  at  68  °C23  that 
can  be  induced  by  heat  or  laser  pulse24.  At  room  temperature,  VO2  is  a  semiconductor  with  the 
monoclinic  crystal  structure.  When  heated  past  the  phase  transition  temperature,  the  material 
changes  its  structure  to  obtain  the  tetragonal  rutile  crystal  symmetry  and  acts  as  a  metal.  This 
structural  transformation  is  accompanied  by  strong  changes  in  the  electrical  and  optical 
properties.  Thus,  the  phase  transition  in  VO2  has  been  used  in  ultrafast  switches  and  sensors25, 
reversible  tunable  plasmonic  nanostructures26,  optical  memory27  as  well  as  tunable 
metamaterials28’  29 .  In  particular,  in  Ref.  29  VO2  was  used  as  a  component  of  a  lamellar 
V02/Ti02  metamaterial  that  could  be  tuned  by  temperature  from  the  elliptical  dispersion  phase 
to  a  hyperbolic  dispersion  phase.  In  this  work,  we  have  fabricated  and  studied  the  new  type  of 
active  metamaterial,  based  on  VCVAu  lamellar  stacks,  whose  optical  dispersion  phase  can  be 
changed  from  hyperbolic  to  anisotropic  metallic. 

Both  VO2  thin  films  and  lamellar  VCVAu  metamaterials  have  been  fabricated  using  the 
pulsed  laser  deposition  (PLD)  technique  (Neocera  Ex200  apparatus).  The  KrF  excimer  laser 
operating  at  T=248  nm  and  10  Hz  repetition  rate  was  focused  onto  a  target  -  vanadium  metal  or 
gold  metal  (99.99%  purity).  All  samples  were  grown  on  the  (300)  and  (012)  sapphire  substrates. 
The  deposition  chamber  was  pumped  to  <  10'6  Torr  before  introducing  oxygen  gas.  The 
depositions  were  performed  at  1  mTorr  to  30  mTorr  of  oxygen  and  the  substrate  temperature  was 
maintained  between  600  -  900  °C.  The  properties  of  the  VO2  thin  films  and  lamellar  VCVAu 
metamaterial  strongly  depended  on  the  substrate  temperature  and  oxygen  pressure  during  the 
deposition.  The  films,  which  exhibited  the  most  pronounced  semiconductor-to-metal  transition 
(as  discussed  below),  were  deposited  at  the  temperatures  ranging  between  600  °C  and  900  °C  at 
the  oxygen  pressure  equal  to  30  mTorr.  The  thickness  of  the  VO2  thin  films,  which  were  not  a 
part  of  the  metamaterial  (determined  by  using  the  DekTak  XT  profilometer  or  ellipsometry,  as 
described  below),  ranged  between  ~60  nm  and  ~1 90  nm.  At  the  same  time,  the  thicknesses  of 
VO2  and  Au  layers  composing  lamellar  VCVAu  metamaterial,  determined  by  using  the 
MicroXAM  optical  interferometric  surface  profiler,  were  equal  to  ~  30  nm  for  VO2  and  ~  20  nm 
for  Au.  The  metamaterial  samples  studied  consisted  of  six  pairs  of  VCVAu  with  Au  on  top  or 
VO2  on  top,  as  shown  in  Fig.  1. 

In  the  experiments,  the  samples  were  mounted  on  top  of  the  metal  ceramic  heater  with  4  mm 
hole  in  the  center,  allowing  for  the  transmission  measurements,  as  shown  in  Fig.  1.  The 
temperature  was  measured  using  the  10  kOhm  thermistor,  and  both  the  current  and  the 
temperature  were  regulated  using  TC200  controller  (all  from  Thorlabs). 
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FIG.  1 .  Schematic  of  the  metamaterial  and  the  sample  mounted  on  the  heater  (top  view  and  side 
view). 

The  electrical  resistance  R  of  the  elongated  nearly  rectangular  VO2  thin  fdm  samples  has  been 
studied  in  the  two-contact  scheme  using  a  precision  multimeter  (Fig.  2).  The  resistivity  p  was 
estimated  knowing  the  resistance  R  and  the  geometry  of  the  film  (width,  thickness  and  the  distance 
between  the  contacts).  As  one  can  see  in  Fig.  3(a),  depicting  the  temperature  dependence  p(T),  as 
the  temperature  increased  from  300  K  to  360  K,  (i)  the  resistivity  dropped  by  approximately 
thousand  times,  (ii)  the  temperature  range  of  the  phase  transition  (change  of  the  resistivity  from 
high  to  low)  was  of  the  order  of  30°C,  and  (iii)  the  p(T)  curve  had  mild  hysteresis.  The  magnitude 
of  the  resistivity  drop  and  the  hysteresis  were  consistent  with  those  described  in  the  literature30, 
while  the  temperature  range  of  the  phase  transition  in  our  experiment  was  somewhat  larger,  Fig.  2. 

The  transmittance  and  reflectance  spectra  of  the  VO2  thin  films  and  lamellar  metamaterials 
were  measured  using  the  Lambda  900  spectrophotometer  equipped  with  an  integrating  sphere 
(Perkin  Elmer)  and  the  homemade  heater  described  above.  In  the  transmission  measurements,  the 
samples  were  installed  at  the  entrance  port  of  the  integrating  sphere,  oriented  normally  to  the 
incident  light  beam.  In  the  reflectance  studies,  the  samples  were  installed  at  the  exit  port  of  the 
integrating  sphere  at  the  incidence  angle  equal  to  8  degrees. 

As  the  temperature  was  increased  from  29  °C  to  69  °C  and  the  VO2  film  passed  through  the 
semiconductor-to-metal  phase  transition,  a  dramatic  decrease  in  the  transmission  (which  reduced 
monotonically  with  increase  of  the  temperature)  has  been  observed  in  the  infrared  spectral  range, 
while  no  significant  change  was  detected  in  the  visible  part  of  the  spectrum  (Fig.  3(a)).  At  the 
same  time,  the  sample’s  reflectance  showed  a  tendency  to  decrease,  when  the  temperature  was 
changed  from  29  °C  to  59  °C,  and  then  increased  sharply  as  the  sample  passed  through  the  phase 
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transition  at  ~69  °C  (Fig.  3(b)).  This  behavior  of  both  transmittance  and  reflectance  is  expected  of 
the  semiconductor-to-metal  transition,  where  the  real  part  of  dielectric  permittivity  changes 
gradually  from  positive  to  negative  values. 


FIG.  2.  Resistivity  of  the  fabricated  V02  sample  measured  at  slow  increase  (trace  1,  red)  and  slow  reduction  (trace  2, 
blue)  of  the  temperature.  Temperature  dependence  of  the  V02  resistivity  reported  in  Ref.  30  at  increase  (trace  3, 
pink)  and  reduction  (trace  4,  light  blue)  of  the  temperature. 


FIG.  3.  Transmittance  (a)  and  reflectance  (b)  spectra  of  the  V02  thin  film  at  the  temperatures  below  (traces  1  and  2), 
around  (traces  3  and  4),  and  above  (trace  5)  the  phase  transition  temperature.  (The  thickness  of  the  V02  film, 
determined  using  ellipsometry,  was  equal  to  63  nm.) 

The  dielectric  permittivity  spectra  of  VO2  thin  films  were  obtained  from  spectroscopic 
ellipsometry.  Ellipsometric  measurements  were  carried  out  using  a  Woollam  M2000 
spectroscopic  ellipsometer,  outfitted  with  a  custom  heating  stage  assembly.  The  heating  stage 
can  maintain  a  sample  between  room  temperature  and  100  °C  with  0.5  °C  temperature  accuracy. 
Spectroscopic  data  was  acquired  at  a  specified  temperature  for  a  wavelength  range  250  nm  to 
1000  nm  and  at  seven  angles  of  incidence  between  45  degrees  and  70  degrees.  The  beam  spot  for 
the  instrument  is  1  mm  diameter  at  normal  incidence.  Refractive  index  and  thickness  of  VO2  thin 
films  were  extracted  from  ellipsometric  data  by  using  a  Kramers-Kronig-consistent  Tauc-Lorentz 
dispersion  model31.  Typically,  four  oscillators  were  used  in  the  above  model  to  obtain  good 
quality  fit  over  the  full  wavelength  range.  Once  the  dispersion  model  for  the  optical  constants 
was  obtained,  we  extrapolated  the  dielectric  permittivity  spectra  beyond  1000  nm  using  the 
oscillator  fit.  The  retrieved  spectra  of  real  s'  and  imaginary  e"  parts  of  the  dielectric  permittivity 
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of  the  63  nm  thick  VO2  film  in  the  semiconductor  phase  at  20  °C  and  the  metallic  phase  at  84  °C 
are  depicted  in  Fig.  4(a)  and  4(b).  The  spectra  of  dielectric  permittivity  of  VO2  reported  in  the 
literature  vary  strongly  from  publication  to  publication  [28,  32],  and  our  experimental  results  are 
within  the  range  of  data  reported  in  the  literature.  As  one  can  see,  the  real  part  of  dielectric 
permittivity  s’  is  positive  (like  in  dielectrics)  below  the  phase  transition  and  is  negative  (at 
2>1  pm,  like  in  metals)  at  the  temperature  above  the  phase  transition.  This  behavior  correlates 
with  the  strong  reduction  of  the  dc  electric  resistivity  (Fig.  2)  and  makes  VO2  highly  attractive 
for  both  electronic  and  optical  applications  involving  switching  and  tuning. 


FIG.  4.  Spectra  of  real  s'  (traces  1  and  3)  and  imaginary  s"  (traces  2  and  4)  parts  of  dielectric  permittivity  of  the  V02 
thin  film,  determined  using  spectroscopic  ellipsometry  below  the  phase  transition  at  20  °C  (a)  and  above  the  phase 
transition  at  84  °C  (b).  Traces  1  and  2  -fabricated  V02  sample  (63  nm  thick  V02  film  deposited  on  sapphire  at  600 
°C  and  30  mTorr  02);  traces  3  and  4  -  data  reported  in  Ref.  [32]. 

The  dielectric  permittivity  of  lamellar  VCVAu  metamaterial  was  modeled  in  the  effective 

'J')  'J  A 

medium  approximation  ’  .  The  effective  dielectric  permittivity  components  in  the  directions 

parallel  s\\  and  perpendicular  s±  to  the  layers,  have  been  calculated  as 

£\\  =  fSAu  +  0  _  /)%?2 

1  /  ,  (1-/)  >  0) 

£±  £Au  £V02 

where,  sm  and  s(i  are  the  (complex)  dielectric  permittivities  of  Au  and  VO2  and  /  is  the  fdling 
factor  of  Au.  The  real  and  imaginary  parts  of  the  dielectric  permittivities  s\\  and  s\  below  and 
above  the  phase  transition  are  depicted  in  Figs.  5(a)  and  5(b),  respectively.  One  can  see  that 
when  VO2  is  in  the  semiconductor  phase,  the  metamaterial  is  hyperbolic  ( f'1>0,  f'^O)  at  A>630 
nm,  Fig.  5(a).  However,  when  VO2  changes  its  phase  to  metallic,  the  metamaterial  is  hyperbolic 
at  590  nm  <  A  <  1000  nm  and  anisotropic  metallic  ( s\,  •S''n<0)  at  A  >  1000  nm,  Fig.  5(b).  Thus, 
by  tuning  the  temperature,  the  metamaterial  can  be  switched  from  the  hyperbolic  to  the  metallic 
optical  phase  at  A  >  1000  nm. 
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FIG.  5.  Real  (s')  and  imaginary  (s")  parts  of  dielectric  permittivities  of  lamellar  V02/Au  metamaterial  in  the 
directions  parallel  (||)  and  perpendicular  (X)  to  the  sample’s  surface,  when  V02  is  in  the  semiconductor  phase  at  20 
°C  (a)  and  in  the  metallic  phase  at  84  °C  (b). 


The  reflectance  spectra  of  the  VCVAu  metamaterial  were  collected  in  p  polarization,  below  and 
above  the  phase  transition  temperature  at  three  incidence  angles  equal  to  15°,  45°  and  65°.  The 
spectra  measured  at  45°  are  depicted  in  Fig.  6(a).  The  wavy  pattern  in  the  spectra  is  due  to  the 
parasitic  interference  effect.  Alternatively,  the  corresponding  reflectance  spectra  have  been 
modeled  by  substituting  the  effective  dielectric  permittivities  (Eq.  1)  to  the  known  formulas  from 
Ref.  35,  Fig.  6(b).  The  experiment  and  the  calculation  are  in  a  fairly  good  qualitative  agreement 
with  each  other  in  a  sense  that  in  both  cases,  the  reflectance  in  the  semiconductor  (hyperbolic) 
phase  is  slightly  larger  than  that  in  the  metallic  phase.  The  qualitatively  similar  pattern  has  been 
observed  at  the  incidence  angles  equal  to  15°  and  65°. 

The  angular  dependence  of  the  metamaterial’s  reflectance  was  measured  at  A  =  1200  nm  and  A  = 
1800  nm  in  s  and  p  polarizations,  below  and  above  the  phase  transition  temperature,  Fig.  6(c). 
The  analogous  modeled  spectra  (calculated  as  explained  above)  are  depicted  in  Fig.  6d.  One  can 
see  that  in  both  theory  and  experiment  (similarly  to  Figs.  6(a)  and  6(b)),  the  reflection  in  the 
semiconductor  (hyperbolic)  phase  is  slightly  larger  than  that  in  the  metallic  phase,  see  Figs.  6(c) 
and  6(d).  At  the  same  time,  in  contrary  to  Figs.  6(a)  and  6(b),  the  experimental  reflectance  is 
smaller  than  the  one  predicted  theoretically.  The  reason  for  this  disagreement  is  not  fully 
understood. 
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FIG.  6.  Reflectance  spectra  of  the  VO2/A11  metamaterial,  in  p  polarization  at  45°  incidence  angle,  below  (trace  1)  and 
above  (trace  2)  the  phase  transition:  experiment  (a)  and  calculation  (b).  Angular  reflectance  profiles  of  the  V02/Au 
metamaterial  in  s  and  p  polarizations  below  (traces  1,3)  and  above  (traces  2,4)  the  phase  transition  at  4=1800  nm: 
experiment  (c)  and  calculation  (d). 

To  summarize,  we  have  fabricated  thin  VO2  films  and  lamellar  VCVAu  metamaterials  and 
studied  their  electrical  and  optical  properties.  Expectedly,  VO2  demonstrated  the  phase  transition 
from  the  semiconductor  (dielectric)  phase  to  the  metallic  phase  at  ~68°C.  This  was  evident  by  (i) 
dramatic  change  in  the  dc  electric  resistivity, (ii)  modification  of  the  reflection  and  the 
transmission  spectra,  and  (iii)  alteration  of  dielectric  permittivity  at  optical  frequencies,  whose 
real  part  transformed  from  positive,  like  in  dielectric  to  negative,  like  in  metal.  The  latter 
behavior  governed  effective  dielectric  permittivity  of  the  metamaterial  and  was  responsible  for 
the  optical  phase  transition  between  the  hyperbolic  and  the  metallic  states  at  /l>1000  nm.  The 
experimentally  measured  angular  and  spectral  dependences  of  the  metamaterials’  reflectance 
were  in  a  fairly  good  agreement  with  the  model  predictions.  The  demonstrated  optical 
hyperbolic-to-metallic  phase  transition  is  a  novel  physical  phenomenon  having  a  potential  to 
advance  the  control  of  light-matter  interaction. 
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